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Goal & Motivation

Measure 1S-HFS in pp
with 1 ppm accuracy

Extract

> 2y-contribution with 1x10-4rel. accuracy

» Zemach radius r, and polarisability A, contribution
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Dispersive approaches

Elastic part (Zemach)
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Chiral Perturbation Theory and Dispersive approaches

Chiral EFT
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Dispersion relation+ data:
91(X,Q2), QZ(X:QZ), Fi, Gg...
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2y-contribution for the 1S-HFS and Zemach radius

Using Lin, Hammer, Meissner result

r, = 1.054%3 fm

Ay

PAUL SCHERRER INSTITUT

— 7403*2¢ ppm

Reference Ay Avecoit | Apol A Ay EEN
[ppm] [ppm]| | [ppm] [ppm] [ppm] [meV]

DATA-DRIVEN

Pachucki '96 (50) ~8025 1666 | 0(658) ~1.160

Faustov et al. 01 (138)* ~7180 410(80) 468 —-58

Faustov et al. ’06 (98)" 470(104) 518 —48

Carlson et al. 11 (99)° —-7703 931 351(114) | 370(112) | —-19(19) | -1.171(39)

Tomalak 18 (139)% ~7333(48) | 846(6) | 364(89) | 429(84) | -65(20) | -1.117(19)

HEAVY-BARYON xPT

Peset et al. 17 (112) —-1.161(20)

LEADING-ORDER YPT

Hagelstein et al. '16 (62) 37(95) 29(90) 9(29)

+A(1232) EXCIT.

Hagelstein et al. '18 (101) -13 84 -97

AA, Hagelstein, Pascalutsa, arXiv:2205.10076

Table 2 Determinations of the proton Zemach radius rz,, in units of fm.

B

—

ep scattering pH 2S5 his H 15 hfs
Lin et al. (26) | Borah et al. (91) | Antognini et al. (2) | BxPT (62) | Volotka et al. (92) | BxPT (62)
1.054+9-005 1.0227(107) 1.082(37) 1.041(31) 1.045(16) 1.012(14)
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What happened in the last years: shrinking the uncertainty

> First ChPT results of polarisability contribution Hagelstein & Pascalutsa

> New data from g2p available

> Precision values of the Zemach radius r, Ay Ep = — 1.3506138 meV Linetal, Borahetal, Distleretal
> Scaling the 2y-contribution from H AE>+VP = _1.159(2) meV Pineda, Peset
Tomalak,

Zemach, polarisability, recoil,

eVP correction to 2y, hVP AA, Hagelstein & Pascalutsa

AA, Hagelstein, Pascalutsa, arXiv:2205.10076

Compared to results

this work without re-scaling from H
Disp. Rel. the uncertainty has
Tomalak '18 A decreased by a factor of 5
HBXPT
Pesetetal. 177 ’ AE,g yps = 182.634(8) meV
BxPT
Hagelstein et al. '16 : - : limited by QED

182.60 182.64 182.68
Enrs (1S, uH) [meV]
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2S-2P versus HFS

2P > Excite the 25-2P transition at 6.0 um

Energy

» Detect the 2 keV X-ray from 2P—1S de-excitation

2 keV X-ray

|

S T b ' iti ,
—T 1S-HFS Excite the HFS transition at 6.8 um

» But what do we detect?
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The principle

Stop muon beam in 1 mm Hz gas target at 22 K, 0.5 bar

Wait until pp atoms de-excite and thermalize

Laser pulse:

up(F=0) + ¥ = pp(F=1)

De-excitation: pp(F=1) + Hy—=pp(F=0) + Hy + Ei,

up diffuses to Au-coated target walls

formed pAu* de-excites producing X-rays

Plot number of X-ray events vs laser frequency

muon

X-ray detectors beam X-ray detectors
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The principle

>

Stop muon beam in 1 mm Hz gas target at 22 K, 0.5 bar QA
Wait until pp atoms de-excite and thermalize S
Laser pulse:  pp(F=0) + y = pp(F=1) qg resonance
De-excitation: pp(F=1) + Hy—=pp(F=0) + Hy + Ei, g } } }
up diffuses to Au-coated target walls = ;
formed pAu* de-excites producing X-rays
Plot number of X-ray events vs laser frequency jaser frequency
muon
X-ray detectors beam X-ray detectors
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laser 4;’( -~ ? ) N
pulse % o .\\ il =
\ i / |7

o

%%\

E

X-ray detectors b"\

”[;__:SU ETH Aldo Antognini PREN, Paris

20-23.06.2022



up formation and thermalisation

, 0.5 bar, 22 K
S 10° F ==
&L :
c 10 3 Pop. & Pom. E
) n -
S - — 100eV 1 2 pp atoms formed in highly excited states
1 E —
: = » De-excitation to 1S-state imparts kinetic
10-1 I i} energies up to 100 eV
: 1 » up has to thermalise before we can excite
10-2 :_ Laser _: it with laser light
10—3 i | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1
0 500 1000 1500

T t [ns]

up formation
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Laser excitation

> We modelled the laser excitation using optical
Bloch equations including

> Inelastic collisions:
part of the detection scheme

> Elastic collisions:
additional decoherence effect

» Laser bandwidth

laser excitation

> Included Doppler broadening
P11 P33

En,= 5meV E,,= 100 meV

> Accounted for ortho-para Hy ro-vibrational levels

Amaro, et al., arXiv:2112.00138

Transition M [m] % [m/+/Js]
2s"=1 - 2pl7? +/5a, =6.367 x 107 2.65 x10*
F=0 F=1 h m 1
1s"=% — 1s Fmc (gM + m—ggp) 5.12 x10
=1.228 x 1071°
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https://arxiv.org/abs/2112.00138

Laser excitation

0.5 bar, 22 K 0.5 bar, 22K
o 0.150 1
SN
0.1251 F—5 J/CmQ — R=0.0
R=0.992
0.100 - T — 30 ns
—~ D =10 cm
Efg 0.0751
Y
0.050 1
0.025 1
0.0 ™ | | /_/ \_
0 50 100 e ] l l l
_9 —400 —200 0 200 400
¥ /Jcm A [MHz]
Transition Linewith Saturation fluence
2S-2P 20 GHz 0.016 J/cm?2
HFS 200 MHz 44  J/cm?2
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Thermalised versus laser excited pp atoms

> De-excitation: pp(F=1) + Hy—=pp(F=0) + H, + Ey,

> pp diffuses to Au-coated target walls

Kinetic energy distribution with/without laser excitation

On average pp atoms wins 0.1 eV
kinetic energy after a successful

laser excitation

€ E
£, - —— thermalized
'cc*g_ 015 17 spin-flipped
o I —— mean free path
= L
o 0.1
= I
0.05
B Taser
pulse
O 1 I 1 | |
0) 0.05 0.1

E..leV]
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Diffusion to the target walls

0.04

Hits / 10 ns

all mup

laser-excited mup

0.02

O 1 | 1 | 1
1200 1400 1600 1800
t [nS]
Fvent time window
Laser
Ao laser
excitation pulse
”[;_"__L TTTTTTT m Aldo Antognini PREN, Paris

» 100 ns after laser excitation the first

up atoms reach the target walls

» Signal on top of a large background

from pp atoms formed closed to the

target walls
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Upon arrival at the target walls

up+Au — pAu”+p (n=n’) | Energy | Prob
v -4l 56MeV  90%
pAU + X-rays <o) | 24MeV  84%
! J—x | 09MeV  76%
v+ ... + neutrons + v+ p, d, o
muon
X-ray detectors beam X-ray detectors

laser E” ( r ) ok

pulse S K '\\ -

f n

= m%ﬂ\
X-ray detectors N
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Background sources

Hits / 10 ns

Diffusion background Bremsstrahlung background Uncorrelated background
e i
€ / L cosmic
X-ray i .
X-ray VN, AN
\/\/\’ X-ray X-ray
2 o X-ray. L
X-ray n\
» Muon decay followed by > Beam electrons
107 Bremsstrahlung » Radioactivity of the
— allmwp beamline

0.04— laser-excited mup /L — € _|_ vV _|_ D
- ! z Neutrons
: Bremstrahlung + ....

Factor of 10 more muon-decays
AL TS than laser-excited pp reaching
1200 1400 1600 1800
tins] the target walls
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Detection system prototype tested

cavity n, X-ray detector

T

BGO

BGO

» Realised a system with two BGO
clusters for efficient detection of
MeV X-Rays

» Several large size plastic scintillators

for rejection of decay-electrons

L. Sinkunaite, PhD Thesis, ETH 2021

PAUL SCHERRER INSTITUT . .
(= ETH Aldo Antognini

10*E

counts

10 |

experimental
simulation

energy [MeV]
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Results from the detection system

V] Detection efficient for yAu events: 80%
V| False identification of muon-decay events: 10%
V] Anti-coincidece efficiency: >95%

V] Uncorreletaed background quantified

Estimated background and event rates

Psignal
BG
Pdiffusion

PBG

electron
PBG

uncorrelated

400 events/h These numbers depends
2500 events/h on various still unknown
300 events/h factors as laser and cavity
performance, muon beam etc
500 events/h
Aldo Antognini PREN, Paris 20-23.06.2022
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The laser system

Trigger ( atomic ) .. ( cW seed)
from p reference 1550 nm
e 1550 nm
\ 1550 nm

:‘ 1030 nm
TDL osc. TDL amp.
50 mJ 300 mJ
Pump diodes
3 kW, 940 nm

atomic
reference
cw seed
1030 nm

TDL osc. TDL amp. 1030 nm
50 mJ 300 mJ 2100 nm
'ﬂ 1030 nm
. 2000 nm
_ 2000 nm
Trigger [T cw seed Requirements
from p meter ) "1 2000 nm 9
vt

> delay time: 1 ps

» stochastic trigger

» energy: 5 mJ

> repetition rate: 200 1/s
> wavelength: 6.8 um

» bandwidth: < 100 MHz
g ETH Aldo Antognini PREN, Paris 20-23.06.2022 19




Single-frequency thin-disk laser oscillator

Towards
Amplifier

thin disk

A

150 V
amplifier

Ex/WV\rW g

Seed

Laser L ] box

(40 MHz current A
modulation P

Function generator
7| J

RRRRRRRRRRRRRRRRRRRR

Servo- 2|

box

ETH Aldo Antognini

M. Zeyen , PhD Thesis, ETH 2021

[J Energy: 32 mJ
A Delay: 700 ns
[ Pulse-to-pulse stability: 1% (rms)

4 Single-frequency operation
A Laser chirp <2 MHz
[4 Continuos re-locking

PDH error

2
‘»
c
9
£
-65I o IOZOI o I0|5I o I1|0I o '1:5
Frequency detuning [FSR]
PREN, Paris 20-23.06.2022 20



Thin-disk laser amplifier

The sequence

Fourier transform Disk

4f
amplification
Fourier Transtorm
amplification
4f
4f
amplification
Fourier Transtorm
amplification

[A Energy: 220 mJ

gGain: /.5

[A Beam quality: M2=1.05
[A Pointing stability

Mlnsensitive to thermal lens

Af [] Increase beam size
41 [] Astigmatism
amplification compensation
Fourier Transform ] New disks

amplification
4f
41

N OUT  [7] Energy: 300 mJ

v M. Zeyen, PhD Thesis, ETH 2021

“eE ETH Aldo Antognini PREN, Paris 20-23.06.2022 21




The laser system

Trigger ( atomic ) .. ( cW seed)
from p reference 1550 nm
e 1550 nm
\ 1550 nm

:‘ 1030 nm
TDL osc. TDL amp.
50 mJ 300 mJ
Pump diodes
3 kW, 940 nm

atomic
reference
cw seed
1030 nm

TDL osc. TDL amp. 1030 nm
50 mJ 300 mJ 2100 nm
'ﬂ 1030 nm
. 2000 nm
_ 2000 nm
Trigger [T cw seed Requirements
from p meter ) "1 2000 nm 9
vt

> delay time: 1 ps

» stochastic trigger

» energy: 5 mJ

> repetition rate: 200 1/s
> wavelength: 6.8 um

» bandwidth: < 100 MHz
g ETH Aldo Antognini PREN, Paris 20-23.06.2022 22




Sketch of the down-conversion stages (in preparation)

M7 e Seed Laser
WM oresonm

3/2 @1550nm

TFP @1550nm

3/2 @1550nm
J0>d

Signal @
1550nm

Pump
@1030nm

Faraday rotator

A/2 @1030nm
/ @1550nm

TFP @1030nm

M6

/2 @1030nm f= 125mm geam Pump Beam
< ump @1030nm dump
M2 f
Beam expander * I:;:{)@
nm
PPLN ® ~
OPA Stage for ldler1

E' 1030nm

N

i OPA stage
Idler @
2150nm

Signal @ Seed Laser Depleted

1978nm @1978 nm Pump

”"LE_H_EREW”"T m Aldo Antognini PREN, Paris

» Cavity with tunable Q-factor
2 Injection seeded OPOs

peak-peak Idler ( pJ) vs pump energy (m)) at 32.0 deg C

700

3
o

&
o

8
=)

&
o

200 1

100 1

Energy Idlerat 3150 nm [uJ]

o

0 1 2 3 R 5

Energy Pump at 1030 nm [mJ]
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The multi-pass cavity

The two cavity types under development

=

> Resonant vertically
» Unstable horizontally

P

HD

» Resonant vertically
» Stable horizontally

M. Marszalef(, PhD Thesis, ETH 2022
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Simulated laser fluence

E=1mJ,R,, = 99.8%

M. Marszalek , PhD Thesis, ETH 2022

- 20
E
10
g 4 E=1mJ,
ROI: ¢p = 10 mm, d=1 mm
0

”ULC_"_ERE TTTTTTT ETH Aldo Antognini PREN, Paris

100.0
x1072
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The various passes in the toroidal cavity

Aldo Antognini PREN, Paris 20-23.06.2022




Qualify cavity with ring-down techniques

1.0
>
~ 05-
Y
0.0 -JJ
0 100 200
t / ns
10° 4
Method
> Use ps laser pulses 101 5 OLS
: —— WIS
» Measure light escaping through the input slit 10-2 .
» Developed a model for the variance und used
to fit the data 1077 ;
10_4 3 1 1 1 1
0 200 400 600
t / ns
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Results for the two measured cavities

gDeveloped two cavity designs

Egp=1m] @ o fZCavities perform as expected

ROI: ¢ = 10 mm, d=1 mm

[A Developed monitoring method

[] Development of a dielectric
coating for the toroidal cavity

D Losses in 1 mm slit?

D Alignment of two-mirror cavity

not trivial
‘
: \‘ E D Test at cryogenic temperatures

0 1— = | . Transition probabilities p3; in ROl for 1 mJ
99.0 (é 99.5 10(19 Copper, toroidal: 3%
8 Rm x 10 Dielectric, two-mirror: 6%

””t_“_”‘iﬂ“””' ETH Aldo Antognini PREN, Paris 20-23.06.2022 28




RRRRRRRRRRRRRRRRRRRR

Summary of status

Aldo Antognini PREN, Paris
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Message to theorists

There is a need to improve on the HFS theory of yp and H.
[ This will simplify tremendously the experimental efforts
[ This will pay off after the measurement of the muonic HFS resonance
[ Combining H with pp will result in testing QED for a hyperfine splitting on the ppt level

Present theory uncertainty:
O 7 peV from QED in pp (very conservative estimate)

J2 peV from 2y-contribution (limited by recoil-finite-size contribution)

If you have new fits of Gg, Gy, F, F,
—> gratis publication of the recoil contribution for Hand pp

o Za > dQ (8mM G (Q?) ) Fl(Q2)+3F2(Q2)>
Brecail = w(1+f<:)/o Q {vz+v Q> (2F1(Q)+ (v +1)(v+1)
8m, G (Q?)GE(Q*)  m 544y 5.
- Q _M(1—|—’Ul)2F2(Q )}
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